Microbubbles stabilized by a surfactant or polymer coating are already in clinical use as ultrasound imaging contrast agents. They have also been widely investigated as vehicles for drug delivery and gene therapy that can be tracked and triggered using ultrasound. Extensive studies have been made of the effects of the coating material and gas core on microbubble characteristics but the influence of the fabrication method has received less attention. The aim of this study was to compare the behavior of microbubbles prepared using different techniques. Phospholipidcoated microbubbles were produced using sonication, electrospraying or in a specially designed microfluidic device. The microbubbles were observed using optical, electron and fluorescence lifetime imaging microscopy (FLIM) to interrogate their surface microstructure and stability over time. Their acoustic response was then determined in a flow chamber by detecting the pressure scattered from individual microbubbles as they passed through the focal region of a transducer (centre frequencies 1, 2.25 and 3.5 MHz; peak negative pressures 50-300kPa). The method of bubble generation was found to significantly affect the bubble surface characteristics, stability and acoustic response. The results demonstrate that the processing method affects not only the bubble size distribution but other characteristics important for biomedical applications.
INTRODUCTION
Suspensions of microbubbles stabilized by a surfactant or polymer coating are widely used as contrast agents in ultrasound imaging. Ultrasonic Contrast Agent (UCA) bubbles have diameters ranging between 1 and 10µm, and the encapsulating shell may be stiff (e.g., sonicated albumin) or more flexible (lipid or phospholipid), with a thickness varying from 1 to 200 nm. [1] [2] [3] [4] Their interactions with ultrasound are of great interest in a variety of applications within medical diagnostic imaging and therapy. Microbubbles function as UCAs by oscillating when exposed to an ultrasound beam, rapidly contracting and expanding in response to the pressure changes imposed by the sound field. [5] They enhance the backscattered acoustic signal, both due to the large impedance mismatch between the bubbles and the surrounding tissue, and their volumetric oscillations. [6] By a fortunate coincidence, the range of resonance frequencies for bubbles with diameters between 1 and 10 µm is approximately 2-10 MHz which corresponds to the frequencies typically used in diagnostic ultrasound imaging. [5, 7] This makes microbubbles several thousand times more reflective or "echogenic" than normal body tissues. [5] Typical phospholipid bubbles at low acoustic powers, exhibit linear, symmetrical bubble oscillations and the frequency spectrum of the scattered signal is the same as that of the transmitted pulse. At higher acoustic powers, the expansion and contraction phases become unequal because the microbubbles resist compression more strongly than expansion. This response is said to be "non-linear" and the scattered signals contain multiples (and in some cases fractions) of the insonating frequency. [8] This response is highly desirable as the scattered signal of the microbubbles can be easily distinguished from that of the surrounding tissue, and excellent contrast to tissue ratios can be achieved [6, 9] .
Bubbles have been widely investigated as drug and gene delivery vessels [10] and recent work has demonstrated their potential as multi-functional theranostic agents. [2] Both the shell and the gas core affect the behaviour and physical properties of microbubbles and their resulting efficacy in a given clinical application. [11] However the influence of the fabrication method has received less attention. The aim of this study was to compare the structure and physical properties of the microbubble surface as well as the acoustic behavior of microbubbles prepared using different techniques.
MATERIALS AND METHODS
Microbubbles were produced using sonication, a T-junction and a microfluidic flow focusing device.
T-Junction
A specially designed T-junction was used to make bubbles used in all measurements. [12] Four polyether ether ketone (PEEK) capillaries with an internal diameter of 75 µm were embedded in a rigid acrylic Perspex block. The capillaries were held in place using standard high-pressure liquid chromatography (HPLC) connectors and ferrules. All tubing and ferrules were purchased from Gilson Scientific Ltd., Luton, UK. The upper capillary was connected to a nitrogen cylinder, which supplied the gas at a constant pressure of 43.5 MPa, as measured by a digital manometer. The two side capillaries were connected to a digital Aladdin syringe pump, which allowed for measurable non-pulsatile constant fluid flow. The fourth capillary was used to collect the microbubbles after formation. The four capillaries were separated in the centre of the device by a distance of approximately 70 µm. [12, 13] This set up was previously described in Mohamedi et al [14] .
Flow-Focusing
A PDMS microfluidic flow focusing device, manufactured in house, was used to make monodisperse bubbles. This device has been previously described in [15] . Gas enters the device through a central 40 µm channel and is focused through an 8 µm orifice by an aqueous lipid mixture dispersion, which flows through two 50 µm flanking channels, as shown in Fig. 1 . All channels were 5 µm high, a dimension controlled by the photoresist layer described below. The focusing of the flow results in a microjet which periodically pinches off as it exits the orifice, resulting in the formation of gas microbubbles with a monolayer of lipids at the gas−water interface. The microfluidic device used here was fabricated from poly(dimethylsiloxane) (PDMS). The mold for the PDMS was made from a silicon wafer (SI-Tech, Inc., Topsfield, MA). The wafer was spin-coated with photoresist (SU8-2005, MicroChem, Newton, MA) to a thickness of 5 µm, and photolithography techniques, using a chromium photomask, were used to create the patterns for the channels. After the photoresist layer was developed, the wafer was used as a mold for the PDMS (Sylgard 184, Dow Corning, Midland, MI). When the PDMS microfluidic devices were separated from the mold, a 0.75 mm diameter needle was inserted through the PDMS into the channels to provide fluid ports, and the devices were then plasma-treated in a plasma cleaner (model: Atto, Diener Electronic, Ebhausen, Germany) to bond to a glass coverslip. The final devices were plasmatreated again for 5 min in order to render the surfaces hydrophilic to facilitate complete wetting of the interior of the devices.
Bubble Formulation
The basic bubble formulation was as follows. A lipid film of 0.13 vol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 0.025 vol% 1,2-Distearoyl-phosphatidylethanolamine-methyl-polyethyleneglycol conjugate-2000 (Na + salt) prepared via solvent evaporation, was added to an aqueous solution containing 0.05 vol% polyethylene glycol 40 stearate (PEG40S), purchased from Sigma-Aldrich Co. Nitrogen was used as the gas in all cases.
Sonication
Sonicated bubbles were produced using a Misonix Inc. Ultrasonic cell distributor at an output power of 19 W (RMS) for 30 seconds. A volume of 80 ml was sonicated at the air/bubble mixture surface using a 3 mm diameter probe.
FLIM
The prepared microbubbles were transferred to glycerol coated coverslips and imaged using bright field, confocal microscopy and Fluorescence Lifetime Imaging (FLIM). In order to facilitate FLIM testing, the meso-substituted 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY-C10) was added to the lipid prior to solvent evaporation. This fluorescent dye can be incorporated into surfactant coatings. When applied to phospholipid microbubbles the dye is incorporated into the "tail" region of the phospholipid layer surrounding a microbubble, without affecting their behaviour. BODIPY-C10 behaves as a 'molecular rotor', due to the rotation of the phenyl ring in and out of the plane of the BODIPY chromophore. As a result of this rotation, the non-radiative decay pathways are activated, leading to a reduction in the fluorescence quantum yield and the lifetime of the rotor compared with that in a viscous environment. FLIM can detect individual lifetimes with the spatial resolution of a multi-photon microscope (ca. 200 nm). Thus FLIM of the molecular rotor BODIPY-C10 provides a minimally invasive technique that can directly quantify and image viscosity at a macro-or microscopic resolution from lipid membranes of individual microbubbles. Importantly, the rate of intramolecular rotation in BODIPY-C10 also corresponds to bubble oscillations at ultrasonic frequencies. It thus provides a more relevant measure than quasi-static measurements and has the potential to be utilised during ultrasound exposure. [16] The effect of microbubble composition on their ultrasound response was investigated to draw comparison between microbubble viscosity and scattering properties.
Acoustic Response
The non-linear behaviour of the microbubbles was tested using a specially designed rig immersed in DI water at ambient temperature, Fig 2. Microbubbles were hydrodynamically isolated and streamed using a pair of co-axially aligned needles into the focal region of a pair of transducers. The microbubbles were interrogated by exciting the transmitting transducer (3.5 MHz focused, Panametrics-NDT) with a Gaussian-windowed 5 cycle pulse train, ranging from 5 MHz to 2MHz sinusoid pulses, generated by an arbitrary function generator (33220A, Agilent). The signal was then amplified (50dB) by an RF power amplifier (325LA, Electric and Innovation) at a pulse repetition rate of 100 Hz. The driving voltage was adjusted to achieve an equal peak negative pressure at each frequency. The scattered pressure was detected at 90 degrees using a 3.5 MHz focused transducer (V382, Panametrics-NDT) where the signal was amplified (35dB) using a pulser/receiver (DPR300, JSR Ultrasonics) and digitised with an oscilloscope (600 MHz, Xi64-A, Waverunner, LeCroy). The data were saved to disk and the captured signals were processed in MATLAB using purpose-written code whereby each signal is analysed in the frequency domain, obtained via Fast Fourier Transform (MATLAB function, fft). 
RESULTS AND DISCUSSION
Initially, we used a single phospholipid 1,2-Distearoyl-sn-glycero-3-phophocholine (DSPC) to prepare microbubbles using both a conventional sonication method and a microfluidic "T"-junction device (see Supplementary Methods). The latter enables the preparation of bubbles with a high degree of control over their size and uniformity, whilst the former produces bubbles with a broad size distribution, as seen in Fig. 3 . The sonication method has the advantage of producing bubbles in high yield and also with superior stability. However, the underlying reasons for the difference in stability are not fully understood. By applying the molecular rotors approach, we were able to determine the mean viscosity of T-junction microbubbles as 663±119 s.d. cP (3.40±0.26 s.d. ns), which was found to be significantly lower than for the sonicated bubble population at 857±110 s.d. cP (3.83±0.22 s.d. ns). This is consistent with lower diffusivity and hence the greater stability of the sonicated microbubbles. [16] Initial testing of the acoustic response of the bubble showed similar responses for the microfluidic and T-junction bubbles. This result was expected as the two production methods share fundamental similarities in the way the lipid solution is combined with the gas. Sonicated bubbles however showed increased scattering in the fundamental frequency but decreased scatter in the subharmonic range, Fig 4. Further investigation is required to fully explain this observation but it may relate to difference in the structure of the microbubble coating and concentration of molecules on the microbubble surface, which has been previously hypothesized to affect the nonlinear character of microbubble dynamics. 
CONCLUSIONS
The results confirmed that the preparation method can significantly affect the characteristics of lipid coated microbubbles both in terms of their coating structure and physical properties, specifically viscosity, and also their acoustic response. Microbubbles prepared using microfluidic techniques as opposed to sonication were found to exhibit a more nonlinear response under the same ultrasound excitation conditions. These findings may be important in optimizing the characteristics of microbubbles for both diagnostic and therapeutic applications.
